Abstract: The role of endothelial and tubular chimerism in renal allograft adaptation and rejection varies in different studies. We addressed the correlation between different clinico-pathological settings and sex-chromosomal endothelial and/or tubular chimerism in renal allografts. We examined the presence or absence of the X and Y chromosomes by fluorescence and chromogenic in situ hybridization (FISH, CISH) methodology on paraffin embedded kidney biopsies in 16 gender mismatched renal transplants (1 to 12 years post-transplantation). Twelve patients were male, four female. Four groups were selected: (i) Vascular calcineurin inhibitor toxicity without rejection; (ii) T-cell mediated vascular rejection; (iii) antibody mediated rejection; and (iv) C4d-positivity in AB0-incompatible transplants with or without rejection. Twelve non-transplant kidney biopsies (8 female, 4 male) were used as controls. Tubular chimerism was detected more frequently (69%) than endothelial chimerism (12%) in renal transplants. One of 12 control patients had tubular and endothelial chimeric cells (8%). The Y chromosome occurred in 8/12 male recipients (67%) in tubular epithelial cells and in 5/12 male recipients (42%) in endothelial cells. Double X chromosomes were detected in 3/4 female recipients in tubular epithelium. Tubular chimerism occurred more often with endothelial chimerism and capillaritis without correlation with other parameters, such as rejection. Combined Y chromosomal tubular and lymphatic endothelial chimerism correlated with T-cell mediated vascular rejection in two out of three patients (66%). Combined Y chromosomal tubular and peritubular capillary chimerism correlated with antibody mediated C4d+ rejection in one out of two patients (50%). Tubular and/or endothelial chimerism occur frequently in gender mismatched renal allografts and, when combined, this is associated with T-cell mediated rejection. Tubular and/or endothelial-chimerism occur frequently in gender-mismatched-renalallografts and when combined, this is associated with T-cell-mediated-rejection.
INTRODUCTION
The role of chimeric cells in graft adaptation has been subject of interest in transplantation research for a long time. Research data go back to the 1960s, when Medawar postulated endothelial replacement through recipients cells as a possible mechanism for graft adaptation 1, 2 . Only very few studies are available in the field of renal allografts since then asking the question whether graft failure and /or successful adaption can be connected to the presence or absence of chimeric cells [3] [4] [5] [6] . The exact role of chimeric cells and their association to graft failure could not be answered unequivocally in these studies [3] [4] [5] [6] .
For this purpose we addressed the frequency of recipient derived chimeric cells in long-term kidney allograft recipients in this study. Furthermore we investigated whether the presence of chimerisms can be related to signs of rejection. We created four different clinico-pathological groups of renal transplant biopsies with and without detection of donor specific antibodies (DSA), signs of T-cell mediated vascular rejection (TMR) and/or C4d positivity. We analyzed the X and Y chromosomes in tubular epithelial cells, in endothelial cells of the peritubular capillaries, in lymphatic vessels and in interlobular arteries of 16 renal allograft biopsies from gendermismatched transplantations more than one year post-transplant. As a control population, we analyzed 12 cases of diagnostic non-transplant kidney biopsies from 8 female and 4 male patients. 
MATERIALS AND METHODS

Patients study groups
Clinical data of the study groups
Patients were divided into 4 groups according to different clinical settings (Details in Table 1 ).
Group 1 consisted of renal transplants with histological and clinical signs of chronic calcineurin inhibitor nephrotoxicity (CNI arteriolopathy) without evidence of acute or chronic rejection. C4d was negative in these biopsies and no DSA was found.
Group 2 contained biopsies with histologically proven acute T-cell mediated vascular rejection (TMR), Banff grade IIA which were C4d negative and without proven DSA.
Chronic vascular T-cell mediated rejection was present in two of these patients (Nr 6 and 8).
Group 3 included patients with proven DSA, evidence of C4d deposition in peritubular capillaries on immunofluorescence examination and histological signs of combined acute TMR, Banff grade IIA and acute (Nr. 9) or chronic active (Nr. 10, 11, 12) antibody mediated rejection (AMR). In three patients (Nr. 9,11,12) a combined rejection (AMR and TMR) was present.
Group 4 consisted of patients with either normal histological and /or clinical findings or with acute vascular T-cell mediated rejection (1 or 2 years post transplantation in protocol biopsies). C4d was diffusely positive in these biopsies due to AB0 incompatible transplantation and no DSA were found. DSA specific anti HLA antibodies were negative.
Banff classification was used for the histological criteria of rejection 7 .
Patients and clinical data in the control groups
Diagnostic kidney biopsies from 12 non-transplant patients were selected as control tissue. Eight patients were female and 4 patients were male. The age of the patients varied from 13 to 89 years (median age 46 years). Four female patients were diagnosed with lupus nephritis, 2 with focal segmental glomerulosclerosis (FSGS), one with extracapillary proliferative glomerulonephritis (ANCA associated) and one with thin basement membrane disease. Two male patients were diagnosed with IgA nephropathy, and two with membranous glomerulonephritis (details in Table 1 ).
Histology
Kidney biopsies were fixed in 4% neutral buffered formalin, embedded in paraffin and sectioned according to the standard processing of transplant kidney biopsies at the All immunohistochemichal reactions were performed with the Ventana Benchmark automated staining system using Ventana reagents for the entire procedure.
Reactionproducts were detected using the UltraVIEW DAB detection kit and the signal was enhanced with the amplification kit. The slides were all counterstained with DAPI.
FISH reactions were performed only on the graft biopsies.
Chromogenic in situ hybridization (CISH) for chromosomes X and Y
For this assay, a direct digoxigenin (DIG) and 2,4-dinitrophenyl (DNP) labeled in situ hybridization kit was used (CISH ZytoDot 2C, CEN X/Y probes, PD28, ZytoVision, Labforce AG, Switzerland). The reactions were performed manually as recommended by the Zytovision protocols.
Briefly, the probe mixes were hybridized overnight at 37°C and washed in the same way as described by FISH above. The X chromosome was detected with an alkaline phosphatase (AP) labeled anti-DNP antibody and was visualized as a red spot, the Y chromosome was detected with a horseradish peroxidase (HRP) labeled anti-DIG antibody and was visualized as a green spot. In order to visualize the morphology of the kidney tissue, the hybridized tissue was counterstained with haematoxylin for 2 minutes and eosin for 30 seconds, enabling precise morphology identification under a light microscope.
CISH signals were analyzed by conventional light microscopy.
CISH reactions were performed on all biopsies including the graft biopsies and the control cases.
Interpretation of FISH and CISH signals
The evaluation of chimeric cells was performed without knowledge of the clinical parameters. By using the eosin nuclear stain for CISH, DAPI nuclear stain for FISH and controlling the site of the reaction on the adjacent H&E and immunohistochemistry, the anatomical localization of the signals (tubular epithelium, infiltrating lymphocytes lymphatic or capillary endothelial cells) was possible.
Finding at least one tubular, lymphatic or capillary endothelial cell containing two X chromosomes (from male donors) or one Y chromosome and one X chromosome (from female donors) were considered as a chimeric cell. Donor phenotype was defined as follows: two X chromosomes in a male recipient of a female graft or one Y and one X chromosome in a female recipient of a male graft. In the control group two X chromosomes in a female kidney or one X and one Y chromosome in a male kidney were considered as a normal finding.
X and Y chromosomal chimerism in the vessels was assessed only by CISH methodology. Tubular chimerism was evaluated with FISH and CISH methodology.
Scoring immunophenotype in interstitial and endothelial lymphocytes
Positivity scale: +: scattered cells positive, ++: < 50% of the cells positive, +++: > 50% of the cells positive.
Statistical analysis
The four groups and the presence or absence of chimeric cells in lymphatic, capillary, arterial endothelial cells or in tubular epithelial cells were statistically compared using the Fisher's exact test and the Chi-square test.
RESULTS
Normal tubular epithelium
Tubuli without pathological changes were present in all cases independently from the clinical setting. These tubuli contained either two X chromosomes in male recipients of a female graft or one Y and one X chromosome in female recipients of a male graft (Fig 1 A,B,D) . In the control group tubuli displayed two X chromosomes in female kidneys or one X and one Y chromosome in male kidneys (Fig 1C) .
Recipient derived lymphocytes
Recipient derived lymphocytes were present in most graft biopsies (Fig 2 A-D, Fig 3 A/C).
Chimeric cells in the study group (Table 2A) .
X chromosomes in tubular epithelium
Three of 4 male grafts (75%) in female recipients had double X chromosomes.
X chromosomes in vessels
We could not identify any X chromosomal chimerism in vessels.
Y chromosomes in vessels
Lymphatic endothelial cells had Y chromosomes in 3 of 12 male recipients (25%).
Capillary endothelial cells had Y chromosomes in 2 of 12 male recipients of female grafts (17%). (Fig 3 D, Fig 4 A-D, Fig 5 A-D) .
Y chromosome in tubular epithelium
Y chromosome chimerism was detected in 11 of 16 grafts (69%). Eight of 12 female grafts (67%) had scattered Y chromosomes (Fig 3 B) . Double Y chromosomes were seen in 2 of 4 male grafts (50%) in female recipients (Fig 6 A-D) . Chimeric cells were mainly seen in the proximal tubules in a dispersed fashion intermixed with numerous epithelial cells of the graft. Most tubular epithelial cells were of donor origin and chimeric cells were less numerous. (Table 2B) We could not identify chimeric cells in any of the eight female kidney biopsies (0/8).
Chimeric cells in the control group
Among the male patients, 1 kidney (Nr. 28) had double X chromosomes in the tubular epithelium and double Y chromosomes in the endothelial cells in an interlobular artery (1/4, 25%, 1/12 8%).
D2-40 detection in lymphatic vessels and in peritubular capillaries
Lymphatic vessels were present in each kidney biopsy. Most of these were visualized in the peritubular regions. The density of these capillaries varied to some extent, however no significant differences were observed in the different groups.
CD31 detection in peritubular capillaries, arterioles and interlobular arteries.
Peritubular capillaries, arterioles and interlobular arteries were present in all kidney biopsies and were decorated by a CD31 endothelial reaction.
Immunnophenotype of lymphocytes in graft biopsies
Interstitial and endothelial lymphocytes in the graft biopsies were positive for following marker: CD4 (+++), CD8 (+), CD3 (+++), CD56 (negative).
Comparison of FISH and CISH methodology in graft biopsies
In 4 of 16 cases, there was a discrepancy between FISH and CISH testing. In 3 male patients FISH detected Y chromosomes in tubular epithelium, in one male patient Y chromosomes were detected only with CISH testing. In the 4 discrepant cases, we arbitrarily included the results with CISH.
Correlation of chimerism to clinical and histological parameters
All grafts with endothelial chimerism also had tubular chimerism; thus we could not . Bai et al described a similar finding, they found that endothelial chimerisms in the arterioles were common and that they occurred regardless from rejection 3 . In an experimental rat model, a high degree of endothelial chimerism was found when the animals obtained ischemic injury and were treated with immunosuppressants 8 . In previous studies it was found that tubular chimerisms on the other hand seem to be a frequent finding in renal allografts occurring in up to 88% of the male patients receiving a female kidney 5, 9 .
The presence of lymphatic neogenesis in renal transplants and also an association of lymphatic cells to rejection have been described by Kerjaschki et al. 10 . In our series we showed the presence of lymphatic vessels in all transplant biopsies (irrespective of the rejection status), and we found an association between lymphatic endothelial Y chromosomal chimerism and acute T-cell mediated rejection. We furthermore showed that lymphatic endothelial Y chromosomal chimerisms do not occur without tubular Y chromosomal chimerisms. This combined phenomenon was seen in 75% of the cases in patients with T-cell mediated acute rejection. We did not see chimeric cells in the arterioles in our study.
In our study 42% and 67% of the male patients displayed recipient derived cell phenotype in endothelial and in tubular epithelial cells, respectively. Three of these patients had chimeric cells in lymphatic endothelial cells, 2 of them in the peritubular capillaries. As to X chromosomal chimerism, we could detect only X chromosomal tubular chimerisms in 3 of 4 female recipients and no X chromosomal chimerism were found in the endothelial cells in our cohort. We were not able to correlate these findings to any clinical or pathological parameters especially to rejection or C4d positivity as evidence for antibody deposition and complement activation.
Sex chromosomal chimerisms can frequently be found in patients with systemic lupus erythematodes 11, 12 . In a study Kremer Hovinga et al. described that sex chromosomal chimeric cells in kidney biopsies were found twice as often among women who were suffering from the lupus disease than those who were free of this disease 11, 12 . We investigated 8 diagnostic kidney biopsies from women, 4 of which had lupus nephritis. We failed to detect any chimeric cells in any of the examined Interestingly, in previous reports, chimeric cells were found in women, both, with and without previous blood transfusions and with or without giving birth to a son, respectively 11, 12, 14 . A similar finding was detected by Koopmans et al., who found chimeric cells in normal kidneys, liver and heart tissue received from autopsies from otherwise healthy women with a known history of blood transfusion or child birth 15, 16 .
The presence of male chimeric cells in female recipients with or without children suggests that chimeric cells are not necessarily donor-derived and could have 'passed' into the organs prior to the transplantation 15, 16 . Other sources for chimeric cells prior to transplantation as fetal-maternal bidirectional cell trafficking and sexual intercourse have also been discussed in the literature 18, 19 . According to their findings, the presence of bone marrow derived cells with recipient analogous phenotype can contribute to normal turnover of renal epithelial cell regeneration after injury [18] [19] [20] . Cell fusion seems to be the predominant mechanism in animal models in generating myocytes from bone marrow derivates 21 .
It is tempting to speculate that the high frequency of chimerisms in human renal transplants, which was also the case in our study, may derive from cell fusion. Y chromosomal chimerism has been described to occur at a higher frequency in tubular epithelium than the X chromosome 9, 23 . In these studies, Y chromosomal tubular chimerisms can be detected in up to 70% of the mismatched grafts, which is very similar to our findings 9, 23 .
The presence of recipient derived mesenchymal cells of the vessel-intima was described in a study by Grimm et al., nevertheless converse to our results, Grimm et al. could correlate these data to chronic rejection 24 .
Further details for chimerisms include theories such as graft-versus-host reaction, host-versus-graft reaction as well as a beneficial function of chimeric cells that may play a role in repair mechanisms 11 . Women, who gave birth to a son, could 'develop' chimeric cells by incorporating fetal cells into their own circulation, resulting in a socalled fetal chimerism 11 . On the other hand, maternal chimerism can be a possible explanation for neonatal lupus erythematodes or similar entities such as juvenile inflammatory myopathies or dermatomyositis through circulating maternal cells into the offspring 11, 14 .
In summary, we could show that Y chromosomal chimerism is a common finding in gender mismatched renal allografts. In combination with lymphatic endothelial chimerism, Y chromosomal tubular chimerism can be associated to T cell mediated acute rejection but not to C4d positivity and/or antibody mediated acute rejection.
The exact biological significance of sex chromosomal chimerism in renal allograft dysfunction however still remains controversial and needs further studies to clarify its role. 
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